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Abstract

This paper demonstrates spherical vapor cells intended to be used in chip-scale atomic devices. A micro glass blowing process is introduced,
in which multiple glass spheres are simultaneously shaped on the top of a silicon wafer and subsequently filled with rubidium. In the presented
fabrication process, an array of cylindrical cavities is first etched in silicon. Next, a thin glass wafer is anodically bonded to the silicon wafer.
The bonded wafers are then placed inside a furnace set to 850 °C. At this elevated temperature, the viscosity of the glass is decreased and the
heated trapped gas in the cavities expands, thus causing the glass to be blown into spherical cells. Microscopic alkali vapor cells are achieved
by evaporation of 8Rb through a small glass nozzle into the cell cavities. The cells are then sealed by anodic bonding. The fabricated cells are
characterized and the presence of rubidium vapor inside the cells is verified by observing an absorption spectrum.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recent advances in the field of atomic microelectromechani-
cal systems (MEMS) have created a need for microscopic alkali
metal vapor cells [1-5]. While previous MEMS efforts have
been focused primarily on planar vapor cells with only two opti-
cal ports [6-9], designed to be used in chip-scale atomic clocks
(CSACs) [1] and chip-scale atomic magnetometers (CSAMs)
[2], glass-blown spherical cells are traditionally used in macro-
scopic atomic clocks and other atomic apparatuses. Although
glass blowing has in the past been used to achieve millimeter-
scale cells (for example [10]), it has not previously been consid-
ered a viable option for mass production of microscopic devices.

Spherical vapor cells are preferred in some atomic physics
applications in order to minimize the effects of magnetic self-
fields generated by the atoms, and to prevent trapping of atoms
in the corners of cells that have been coated with antirelaxation
coatings [11]. Furthermore, a cell of spherical shape provides
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more optical ports than a planar cell, and therefore allows for
straightforward pump-probe configurations and enables both
vertical and horizontal integration with other MEMS compo-
nents. The micro glass blowing process presented in this paper
was developed as an attempt to address these issues and to facil-
itate mass production of microscopic spherical gas confinement
chambers. These chambers are intended to be used as vapor cells
in a micromachined implementation of a nuclear magnetic res-
onance (NMR) gyroscope. However, the same type of cells may
also be utilized in other microfabricated devices, such as atomic
magnetometers [2].

In the wafer-level micro glass blowing process, thousands of
glass spheres can be shaped simultaneously on top of a silicon
wafer [12]. An array of cylindrical cavities is first etched in sili-
con. Next, a thin glass wafer is anodically bonded to the etched
silicon wafer. The bonded wafers are then placed inside a fur-
nace set to 850 °C. Since this temperature is above the softening
point of the glass, the viscosity of the glass is decreased. Addi-
tionally, the heated trapped gas in the cavities expands, causing
the glass to be blown into three-dimensional spherical structures.
Once the glass is shaped, the backside of the silicon wafer can be
etched and the cells can be filled with various substances [13].
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Fig. 1. Diced silicon chip with a side length of 2 mm (on a finger tip). The chip
contains a blown glass sphere, shown in the inset picture, with a diameter of
approximately 900 pm.

Fig. 1 depicts a fabricated and diced chip containing a blown
glass sphere, formed from a 100 wm thick borosilicate glass
wafer during three minutes at 850 °C. The diameter of the glass
sphere is approximately 900 pm.

While the presented glass cells were developed for an NMR
gyroscope, we envision that the micro glass blowing process will
open the door for a new breed of three-dimensional MEMS.
Several applications are envisioned, including mass-produced
microscopic glass lenses, spacers for wafer-level packaging, and
complex three-dimensional networks for gas analyzers and drug
delivery systems.

Section 2 provides a motivation for the use of spherical
cells in nuclear magnetic resonance gyroscopes. Next, Sec-
tion 3 presents the micro glass blowing fabrication process and
describes how the cells are filled with rubidium vapor. The exper-
imental setup and the measured rubidium absorption spectrum
are then discussed in Section 4.

2. Motivation

The presented glass-blown vapor cells were developed for
a micromachined implementation of a nuclear magnetic res-
onance gyroscope. This section will briefly discuss NMR
gyroscopes and why spherical vapor cells are desired in these
types of instruments.

Certain noble gas nuclei possess an inherent magnetic
moment. These nuclei can be spin-polarized by optically pump-
ing an alkali vapor, which transfers its polarization to the nuclei
through a process know as spin exchange [14,15]. When sub-
jected to a static magnetic field, By, the spin-polarized nuclei
will precess about the magnetic field lines at the Larmor preces-
sion frequency, wp, = yByp, where y is the gyromagnetic ratio.
If the Larmor precession is observed in a coordinate frame that
rotates at an angular rate wr with respect to an inertial frame of
reference, the observed frequency will be

wobs = YBo — wr. (D

This frequency can be detected as a modulation of the light inten-
sity of a circularly polarized beam that is transmitted through the
sample, and the angular rate can thus be measured [16,17].

To sustain the Larmor precession in an NMR gyroscope, an
oscillating magnetic field must be applied along an axis perpen-
dicular to the By-field at a frequency wac, which should be equal
to the observed Larmor frequency. The feedback loop will also
include a time-dependent white noise component, primarily due
to shot noise from random fluctuations of the current in the pho-
todiode used to detect the modulated light intensity. This noise
will cause a phase shift between the frequency of the applied
magnetic field and the actual Larmor precession frequency. It
was shown in [18] that the angle random walk (ARW) of an
NMR gyroscope due to this noise is

1

(S/N)VAf
where T3 is the nuclear spin relaxation time, S/N is the signal-
to-noise ratio, and Af is the bandwidth.

As is the case in all resonance-based instruments, both a large
signal-to-noise ratio and a long relaxation time are desired in
order to achieve a high-performance gyroscope. Several fac-
tors affect the relaxation time of the nuclei, including collisions
with the walls of the cell, collisions with other atoms, inhomo-
geneities of the magnetic field, and the type of noble gas nuclei
under consideration [14].

The reduction in relaxation time due to collisions with other
atoms and with the cell walls is beyond the scope of this paper.
However, wall collisions affect nuclear spins of noble gases con-
siderably less than they affect electron spins of alkali atoms.
Relaxation times of several hours have been observed for He
spins in large cells made from aluminosilicate glass [19]. In
addition, wall coatings can be used to further lengthen the wall-
induced relaxation time [20].

If the magnetic field is not perfectly uniform throughout the
sample, nuclei at different locations in the cell precess at differ-
ent frequencies. The uniformity of the applied magnetic field is
primarily a technical issue that can be addressed by coil designs
of various sophistication, and it is here assumed that a perfectly
uniform external field has been applied to the cell. It is well
known from classical electrodynamics that the magnetic field
inside a uniformly magnetized sphere is Byy = 2M19/3, where
M is the magnetization of the sphere and (¢ is the permeabil-
ity of free space [21]. The magnetic field inside a uniformly
magnetized spherical cell is thus uniform. However, if the cell
has a nonspherical shape the magnetic field will be a nonlinear
function of location, due to magnetic self-fields generated by the
enclosed atoms. In a spherical cell these self-fields cancel out due
to symmetry, but in a nonspherical cell the self-magnetization
will cause field variations across the sample and can lead to
broadening of the magnetic resonance lines [22]. To minimize
the effects of self-fields, spherical vapor cells are preferred in
high-performance nuclear magnetic resonance gyroscopes.

It should be noted that while this paper focuses on the cell
shape, this is only one of many factors that may affect the relax-
ation time, as was discussed above. Whether or not the magnetic
self-field caused by a nonspherical cell shape is the limiting
factor depends on the quality of the antirelaxation coating, the
amount and type of buffer gas used, and the type of noble gas
nuclei under consideration.
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3. Fabrication of spherical vapor cells

Nonspherical MEMS alkali vapor cells have previously been
fabricated by etching a double-side polished silicon wafer all
the way through, followed by anodic bonding of glass wafers to
the top and bottom surfaces of the silicon wafer. The cells are
filled with the desired substances before the second glass wafer
is bonded [6]. These types of vapor cells are an integral part of
both chip-scale atomic clocks [1] and chip-scale atomic magne-
tometers [2]. While the fabrication of the glass-blown spherical
vapor cells presented in this section differs from the process
used to produce CSAC and CSAM cells, the filling techniques
are nearly identical.

3.1. Fabrication process

In conventional glass blowing, a furnace is used to melt a gob
of glass. The molten glass is then shaped by repeated blowing
and heating steps. Once the desired shapes are achieved, the
glass is normally annealed to remove thermal stresses and to
prevent the glass from cracking.

The wafer-level micro glass blowing process was designed
to emulate conventional glass blowing. However, instead of
applying pressure by manual blowing, the increased pressure
produced by a heated trapped gas is utilized to shape the glass.
While an overview of the fabrication process is presented in this
section, a more detailed description and modeling can be found
in [12].

A layer of AZ P4620 [23] photoresist is first patterned on top
of a single-crystal silicon wafer. Next, a timed deep reactive ion
etch (DRIE) is used to define cylindrical cavities in the silicon,
as illustrated in Step 1 in Fig. 2. The photoresist is then removed
using acetone and a thin borosilicate glass wafer is anodically
bonded to the silicon wafer in air (Step 2). If thin cell walls are
desired, the glass may also be ground and polished after it has
been bonded to the silicon wafer.

In order to shape the glass, it needs to be heated above its
softening point, which occurs at 821 °C for the Pyrex 7740 glass
used in the presented process [23,24]. Therefore, in Step 3 of
the fabrication process, the bonded wafers are placed inside a
furnace at atmospheric pressure and at a temperature of approx-
imately 850°C. At this elevated temperature, the viscosity of
the glass is decreased and the expansion of the heated trapped
gas in the cavities thus causes the glass to be blown into spher-
ical shapes. After a few minutes in the furnace the samples are
quickly removed to room temperature.

Next, the fabricated glass spheres are annealed in order to
remove residual stresses caused by the rapid cool-down of the
samples. The Pyrex 7740 [23] glass parts are typically annealed
for about 30 min at 560 °C and then slowly cooled to a temper-
ature below the strain point, 510 °C [24].

Fabrication Steps 1-3 in Fig. 2 constitute the foundation
of the micro glass blowing process and define the shape and
size of the glass structures, as was described in [12]. While
these steps are always included in the fabrication process,
additional steps can be added as needed to suit a particular
application.

Step 1: Pattern and
etch Si wafer

Step 5: Pattern and
etch backside

Step 2: Bond Pyrex
wafer to Si wafer

Step 6: Fill cell with
alkali and buffer gas
—“—

Step 3: Heat in
furnace at 850°C

Step 7: Seal backside
with anodic bonding

Step 4: Place chip in
holder (upside-down)

Fig. 2. Fabrication process for spherical glass cells.

In the gas confinement chambers explored in this paper, it is
necessary to etch the backside of the silicon wafers in order to
be able to fill the glass spheres with an alkali metal and buffer
gas. In Step 4, the chip is placed in a temporary holder in order
to protect the glass spheres. The backside is then patterned and
etched in Step 5, using DRIE.
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Different filling techniques have been demonstrated for
CSAC and CSAM cells [6-9]. Many of them can also be used to
fill the presented glass-blown spherical cells. Here, we choose
a filling technique where BaNg and 8RbCl are placed inside a
small glass ampoule with a 5 mm long nozzle of 700 pm diame-
ter. The chip with the glass-blown cell is placed inside a vacuum
chamber and the ampoule is aligned with the cell opening. Next,
the ampoule is heated in order to react the compounds, as shown
in Step 6 of the fabrication process in Fig. 2. Since the vapor
pressure of rubidium is higher than that of Ba and Cl, a fairly pure
beam of 8’Rb emerges from the ampoule and is deposited into
the cell. The nitrogen produced during the reaction is pumped
away.

The vacuum chamber is then filled with the desired combi-
nation of buffer gases, here a mixture consisting of Xe (natural
isotopic abundance) and N». The backside is then sealed by
anodic bonding of a glass wafer in Step 7. Finally, the chip is
taken out from the vacuum chamber and the temporary holder
is removed from the chip in Step 8.

3.2. Size and shape considerations

As was discussed in [12], the volume enclosed by the blown
glass sphere can be estimated as

R (L 3
() >

N

where V. is the volume of the etched cavity, 7t is the furnace tem-
perature, and T is the temperature at which the cavities etched
in the silicon wafer were sealed by anodic bonding of the glass
wafer.

For example, assume that the cavities etched in silicon were
sealed at room temperature. Also assume that the chips were
placed in a furnace set to 900 °C and at constant atmospheric
pressure. Since the temperature inside the furnace is approxi-
mately four times higher (1173 K vs. 295 K) than the temperature
at which the cavities were sealed, the total enclosed volume
(glass sphere + etched cavity) after the glass is blown will be
about four times the initial volume (etched cavity). Conse-
quently, the final volume enclosed by only the glass sphere will
be three times the volume of the etched cavity, as can be seen
from Eq. (3). Geometry considerations can be used to predict
the height and radius of the glass spheres, as was described in
[12].

It should be noted that while the main part of the cell is
spherical, the etched cavity below the glass sphere makes up
a significant part of the cell (25% in the example above). It
is presently unclear how much this non-spherical part of the
cell will affect the relaxation time of the enclosed atoms. How-
ever, the volume of this non-spherical part may be reduced by
defining structures on the wafer that is used to seal the back-
side of the cell. Small cylinders designed to fit in the etched
cavities may be defined on top of the glass wafer using, for
example, a photodefinable glass or polymer. Alternatively, the
cavities etched in the silicon wafer can be partially filled with a
thermosetting polymer before the glass wafer is bonded to the
backside.

Fig. 3. Fabricated array of hollow micro glass spheres.

3.3. Fabricated parts

Single-crystal silicon and borosilicate glass wafers of two-
inch diameter were used for the fabrication of the glass spheres.
Deep reactive ion etching was used to define an array of cylin-
drical cavities in a 1 mm thick silicon wafer. The diameter of
the cavities was 500 wm and the targeted depth was 750 wm. A
borosilicate glass wafer with a thickness of 100 wm was then
anodically bonded to the silicon wafer, using a hot plate set to
400°C and applying a voltage of 600 V. The glass structures
were then shaped for about three minutes inside a furnace set to
850 °C and at atmospheric pressure. Fig. 3 shows the resulting
fabricated array of glass spheres.

The intended use of the glass spheres is as vapor cells in a
nuclear magnetic resonance gyroscope. In this application, both
pump and probe light need to be transmitted in two perpendicu-
lar directions. To assure that the glass structures are sufficiently
smooth, the surface roughness was measured with a confocal
microscope (Hyphenated-Systems NanoScale 1500P [23]). The
rectangular area marked in Fig. 4(a) was measured in ten differ-
ent spheres. The measured area for one of the samples is shown
in Fig. 4(b). In all samples the average surface roughness was
within 12 & 5 nm. While this is significantly greater than the ini-
tial surface roughness of less than 1 nm, specified for the glass
wafers, the surfaces are still sufficiently smooth.

4. Experimental results

A fabricated cell was placed inside a transparent thermal
chamber and heated to 100°C in order to obtain sufficient
rubidium vapor pressure inside the cell. Next, light was transmit-
ted through the cell by a vertical-cavity surface-emitting laser
(VCSEL) with a surrounding thermoelectric cooler (TEC). By
controlling the VCSEL temperature and current, the wavelength
of the emitted light was tuned. The light was collimated and
transmitted through the rubidium vapor cell, and a photodetec-
tor was used to measure the intensity of the transmitted light. The
experimental setup is shown in Fig. 5. Note that the Helmholtz
coils in the experimental setup were not used in the current
experiment.

The VCSEL temperature was kept constant at 16 °C and the
current was swept from 1.65 mA to 1.75 mA, corresponding to
wavelengths of approximately 794.72 nm to 794.80 nm (deter-
mined from a VCSEL calibration curve). Fig. 6 displays the
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Fig. 4. Surface roughness of glass sphere measured with a confocal microscope.
The radius of the sphere is 450 wm and the measured area, marked in (a), is
approximately 140 pwm x 180 wm. The color legend in (b) indicates the curvature
of this area.

obtained rubidium absorption spectrum. At the wavelength that
corresponds to the 3’Rb D; line (794.76 nm in air) the light
is partially absorbed by the rubidium, and the intensity of the
transmitted light drops, confirming that the cell contains rubid-
ium 87 vapor. The two overlapped peaks, separated by 6.8 GHz,
arise from the hyperfine ground states of 3’Rb. This plot veri-

VCSEL, TEC
& Collimator |

Cell holder & heter

Fig. 5. Experimental setup.
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Fig. 6. Rb absorption spectrum for VCSEL currents of 1.65mA (~
794.72 nm) to 1.75 mA (~ 794.80 nm).

fies the feasibility of the spherical vapor cells, fabricated by a
wafer-level glass blowing process.

It should be noted that a macro-scale heater was used in
the experimental setup. If this type of spherical vapor cells are
used in microfabricated atomic devices, it is beneficial to have
a miniature heater integrated with the cell. For many types of
devices, the heater must be designed in such a way that the
magnetic fields generated by the heater currents are small (for
example [25]). While not yet demonstrated experimentally, sev-
eral options can be considered for the heater. For example, heater
traces can be deposited on the back of the chip. Alternatively, if
a material that can withstand the high temperatures required for
the glass blowing is used, the heater can potentially be defined
on the front side between Steps 2 and 3 in the fabrication pro-
cess (Fig. 2). Naturally, the heater would now have to be defined
in areas of the chip where the glass does not deform. Some-
what more exotic approaches can also be considered, including
laser-induced heating, or heat transfer using air or microfluidics.

5. Conclusion

Wafer-level micro glass blowing may enable several
MEMS applications, including mass-produced microscopic
glass lenses, spacers for wafer-level packaging, and complex
three-dimensional networks for gas analyzers and drug delivery
systems. One potential application, microscopic gas confine-
ment chambers, was explored in this paper. The need for
spherical vapor cells in atomic instruments was addressed by
the micro glass blowing process. The feasibility of manufactur-
ing spherical cells was verified and the fabricated samples were
shown to contain rubidium vapor.
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